The efficiency of third generation silicon solar cells is limited by their ability to convert the whole solar spectrum into charge carriers. Due to thermalisation of the charge carriers, the external quantum efficiency (EQE) of silicon solar cells drops in the high-energy region of the spectrum. Spectral conversion of one high-energy photon into two (down-conversion) or one (down-shifting) lower energy photons is a route to reduce these energy losses[@b1]. Among the possible materials for down-shifting, silicon nanocrystals (SiNCs) are an appealing choice. SiNCs are compatible with silicon-based solar cells and exhibit significant room-temperature photoluminescence (PL)[@b2]. This luminescence stems from the quantum confinement of the photo-generated excitons and can be tuned in the visible and near-infrared ranges by changing the size of the nanocrystal[@b3]. Various silicon nanocrystals elaboration techniques have been previously demonstrated such as chemical etching[@b4], ionic implantation[@b5][@b6] or ultra-vacuum evaporation[@b7]. The use of SiNCs as down-shifters in solar cells has already been demonstrated[@b8]. However, due to the indirect nature of the bandgap in bulk silicon, the radiative emission rate of SiNCs remains relatively low -- considerably hindering the use of SiNCs for solar cells applications. This is why new techniques allowing engineering the emission rate of SiNCs are required. In this regard, plasmonics offers an appealing route. Metal nanostructures exhibiting localized surface plasmon (LSP) resonances are known to modify the emission rate of nearby emitters[@b9], leading to either quenching or enhancement of the fluorescence emission depending on the experimental conditions[@b10][@b11][@b12][@b13][@b14]. Plasmonic engineering of the emission rate is routinely performed with organic molecules or quantum dots, but the number of studies devoted to SiNCs is rather restricted. Pioneering work has been performed by Biteen *et al.* with nanoporous gold[@b15], evidencing a four-fold enhancement of SiNCs\' photoluminescence. Further studies have dealt with the coupling between SiNCs and plasmonics nanostructures such as Ag nanodisks[@b16], metallic gratings[@b17][@b18][@b19], and Ag nanotriangles[@b20]. However, in most of these works, information obtained on coupling was limited by the contribution of uncoupled SiNCs, which were not located at a controllable distance of the metallic particles. New structures with control on all the relevant opto-geometrical parameters are required to gain precise information on the process of coupling between SiNCs and LSP resonances.

In this Communication, we design a hybrid emitter that is 5-fold brighter than bare SiNCs. The hybrid structure consists of gold nanodisks (GNDs) located at a controllable distance from a monolayer of SiNCs. The coupling efficiency, and thus the brightness of the hybrid emitter, strongly depends on the GND-emitter distance, conditioning the photoluminescence quenching and enhancement regimes. Moreover, thanks to luminescence saturation measurements and decay time analysis, we are able to gain insight into the SiNCs luminescence kinetics (radiative rate and quantum yield alteration). A 3.6-fold enhancement of the SiNCs\' radiative emission rate is demonstrated. The angular distribution of the photoluminescence emission is also analyzed, quantifying the luminescence redirection (antenna effect). This analysis is enabled thanks to an original method for sample fabrication allowing to tune under control all the relevant opto-geometrical parameters, such as SiNC-GND distance and the LSP spectral position.

Results
=======

Sample design and fabrication
-----------------------------

SiNCs are fabricated by ultra-vacuum evaporation of successive SiO~2~/SiO/SiO~2~ layers and subsequent thermal annealing[@b21][@b22]. After annealing, a dense (10^12^ crystals/cm^2^) layer of SiNCs is obtained at a controllable distance from the surface. To obtain plasmonic resonances, gold has been chosen because of its stability in time (no oxidation) and for the matching between plasmonic resonance and SiNCs\' emission. The GNDs are fabricated using standard electron beam lithography. During this process, it is of crucial importance to ensure that all SiNCs will be coupled to a plasmonic particle. Hence, an aluminum mask first protects the GNDs before performing a physical etching (Reactive Ion Etching) of the sample in order to remove SiNCs located in between the gold nanodisks. The detailed fabrication procedure is presented in the Methods Section. A 3D schematic of the resulting structure is shown in [Fig. 1a](#f1){ref-type="fig"}. In this figure, the red dots stand for the SiNCs position, showing that all SiNCs are located under a GND. Scanning Electron Microscopy (SEM) images of GNDs exhibiting diameters from 140 nm to 220 nm are presented in [Fig. 1b](#f1){ref-type="fig"}. Giving the SiNC density, the number of SiNCs under each GND is estimated to be about 600 to 1500, depending on GND\'s diameter. By changing this diameter, the LSP resonance can be tuned. In [Fig. 1c](#f1){ref-type="fig"} is reported the evolution of the extinction spectra by varying the GND diameter and one can observe there is a linear dependence between extinction peak position and GND diameter. It is therefore easy to match the maximum of GND extinction with the maximum of SiNC\'s emission, which is presented in [Fig. 1d](#f1){ref-type="fig"}. This spectrum presents two distinct features: an intense peak around 780-nm arising from quantum confinement in the nanocrystals, and a sideband at lower wavelengths (550--600 nm) that is generally attributed to surface defects at the Si/SiO~2~ interface[@b23]. The maximum of emission coincides with the extinction spectrum of GND with 180 nm in diameter, so the best PL enhancement (i.e. the ratio between the photoluminescence with gold and without gold) is expected at this diameter. The distance between SiNCs and GND is another parameter that can be tuned easily by changing the height of the second SiO~2~ layer. We have studied the coupling for distances ranging from 4-nm to 20-nm with a 2-nm step.

Photoluminescence enhancement and quenching
-------------------------------------------

First, we present the modification of SiNCs\' photoluminescence in presence of gold. The analysis is made using the micro-photoluminescence setup described in the Methods Section. [Figures 2a and b](#f2){ref-type="fig"} show the SiNCs\' photoluminescence for respectively 4-nm and 8-nm spacer thicknesses. The GND\'s diameter is set to 180-nm, corresponding to a match between plasmon resonance and SiNCs\' emission. For a 4-nm spacer thickness, quenching of SiNCs\' photoluminescence is evidenced. When the distance is increased to 8 nm, the enhancement regime is observed since the photoluminescence in the presence of GND is almost five times higher than the signal without GND. In order to analyze the distance-dependent behavior of the SiNCs\' emission, we have plotted in [Fig. 2c](#f2){ref-type="fig"} the PL enhancement, taken at the SiNCs\' emission peak, as a function of the SiNC-GND distance. [Figure 2c](#f2){ref-type="fig"} evidences a quenching of SiNCs\' photoluminescence (PL enhancement below 1.0) for small distances and enhancement at larger distances. An optimum distance of 8-nm is observed where the PL enhancement reaches almost five. This optimum distance stems from a trade-off between the radiative and non-radiative rates enhancement induced by the presence of the gold particle. Such a behavior has been already observed with single molecules[@b10][@b11], but to the best of our knowledge it is the first time it is observed with SiNCs. In previous works[@b15], quenching of luminescence at small distances was not observed because it was hidden by the presence of uncoupled SiNC. In contrast, in our case all SiNCs are coupled to a plasmonic particle unveiling the whole distance-dependent coupling.

Spectral tuning of photoluminescence
------------------------------------

Then, we studied the influence of the LSP resonance spectral position. We changed the GND diameter and we compared the PL enhancement with the GND extinction spectra. Results are shown in [Fig. 3a](#f3){ref-type="fig"}. It can be noticed that the PL enhancement presents a peak at the same wavelength than the plasmon resonance. Moreover, if the plasmon resonance is shifted, the photoluminescence enhancement peak follows the same shift. It can be also seen that the maximum of enhancement is obtained with a diameter of 180 nm when the plasmon resonance coincides with the maximum of SiNCs\' photoluminescence ([Figure 1](#f1){ref-type="fig"}). This result suggests dependence between the PL enhancement and the spectral overlap between the plasmon resonances and the SiNCs\' photoluminescence. The spectral overlap between plasmon resonance and SiNCs\' photoluminescence is determined as the ratio between the overlapping area and the total area below the two spectra. In [Fig. 3b](#f3){ref-type="fig"}, the PL enhancement and the spectral overlap are plotted on the same graph as a function of the GND diameter. The PL enhancement is found to follow the same behavior than the spectral overlap.

Redirection of photoluminescence
--------------------------------

The presence of the GND can also modify the SiNCs\' emission pattern (antenna effect)[@b24]. To evidence this phenomenon we measured the PL intensity in the back focal plane (Fourier plane or momentum space) of the water objective, this intensity being directly related to the angular distribution of the emitted luminescence. [Figure 4a](#f4){ref-type="fig"} shows pictures taken by a camera placed in the back focal plane of the microscope objective, in the absence (left panel) or in the presence (right panel) of a GND. Two circles can be observed. Starting from the inside, the first circle corresponds to the critical angle for SiO~2~-air interface (41°) and the second one is the maximum collection angle of the NA = 1.2 immersion objective (53°)[@b25]. On the left panel of [Figure 4a](#f4){ref-type="fig"} (i.e. without GND) a homogeneous PL intensity distribution can be observed for angles lower than the critical angle, as expected for a single layer of emitters. In contrast, when the GND is added, a strong redirection of the emission toward the objective is observed. In [Fig. 4b](#f4){ref-type="fig"}, polar graphs of previous images have been plotted to show the angular dependence of SiNCs\' photoluminescence with and without GND. On the left graph, there is no dependence on the angle of SINC\'s photoluminescence compared to right graph where photoluminescence enhancement is more important for small angles. The GND plays the role of an antenna, directing more luminescence towards the objective and thus contributing to the photoluminescence enhancement. To estimate this contribution, we compared the collection coefficient of the experiment with and without GND. The calculation is presented as [Supplementary Information](#s1){ref-type="supplementary-material"}, and we estimate of the collection efficiency enhancement to be 1.7. As the total PL enhancement factor reached 5, another phenomenon is needed to explain the enhancement factor.

The same calculation has been performed for all other GND diameters (see [Supplementary Information, Fig. S2](#s1){ref-type="supplementary-material"}). Interestingly, we found the same value of 1.7 for the collection efficiency enhancement. The antenna effect induced by the GND appears to be the same for all studied nanoparticle sizes.

Discussion
==========

The observed enhancement of photoluminescence stems from the modification of the photonic local density of states induced by the presence of GND. According to Fermi\'s golden rule, the emission rate of a quantum emitter is directly proportional to the local density of states as probed by the emitter. Consequently, the SINCs\' radiative emission rate can be increased by the presence of the gold particle, the LSP resonance yielding new plasmonic routes for radiative deexcitation. To demonstrate this assumption, we extracted the different luminescence kinetic rates using the method previously described by Wenger *et al.*[@b26]. First, we extract SiNCs\' luminescence emission rate enhancement (the ratio between SiNCs\' emission rate with gold and without gold) from measurements of the PL intensity as a function of the pump power ([Fig. 4c](#f4){ref-type="fig"}). If we model the SiNCs as three-level quantum emitters (see [Fig. 4](#f4){ref-type="fig"}, inset), the photoluminescence intensity in steady state *I~PL~* is given by[@b26]: Where N is the number of active emitting centers, *κ* is the collection coefficient of the setup, Γ*~R~* is the radiative emission rate, Γ is the total decay rate (i.e. sum of radiative and non radiative emission rates), and the ratio between Γ*~R~* and Γ is the radiative quantum efficiency Φ, *σ* is the absorption cross section, *I~e~* is the excitation intensity and *I~s~* the saturation intensity equal to: When *I~e~* *≪* *I~s~* (weak excitation regime) [equation 1](#m1){ref-type="disp-formula"} becomes: [Equation 3](#m3){ref-type="disp-formula"} shows that in the weak excitation regime, SiNC\'s photoluminescence intensity is proportional to the excitation rate. When *I~e~* *≫* *I~s~* (saturation regime) [equation 1](#m1){ref-type="disp-formula"} becomes: [Equation 5](#m5){ref-type="disp-formula"} shows that in the saturation regime *P~s~* becomes constant and is essentially given by the radiative emission rate *Γ~R~*. The radiative emission rate enhancement is defined as: Where the superscript '0' stands for SiNCs without GND. Thanks to the etching process during sample fabrication, the number of SiNCs is the same with GND and without GND *N* = *N*^0^. To determine the radiative emission rate enhancement , we have determined the photoluminescence enhancement in the saturation regime from [Fig. 4c](#f4){ref-type="fig"}, and the collection efficiency modification of our experiment from [Fig. 4b](#f4){ref-type="fig"}, as explained before. To determine the two curves in [Fig. 4c](#f4){ref-type="fig"} have been fitted with the function: Thus, from [equation 6](#m6){ref-type="disp-formula"} we obtain: Thus the photoluminescence enhancement in saturation regime reached 6 fold for a GND diameter of 180 nm and a SiNC-GND distance of 8 nm. The setup collection efficiency η~κ~ has been estimated at 1.7 ([supporting information](#s1){ref-type="supplementary-material"}). Those two results lead to the determination of . We obtain for the enhancement of the radiative emission rate in presence of GND.

Finally, we estimate the SiNCs\' quantum yield modification induced by the presence of the gold particles. Time-resolved photoluminescence measurements have been performed on samples with and without GNDs. Results are presented on [Fig. 4d](#f4){ref-type="fig"}. The experimental data have been fitted with a stretched exponential function to extract the decay times. A stretched exponential is used rather than a mono-exponential decay to account for the size distribution of nanocrystals, each size presenting a slightly different decay time[@b27]. A significant reduction of the decay time is observed in the presence of GNDs, indicating an increase of the total luminescence decay rate. This process gives us an enhancement in total decay rate . From this measurement, the quantum yield enhancement can be deduced as .

We also studied the influence of GND diameter by performing measurements of the PL intensity vs. pump power for all particle diameters (data not shown). Since the collection efficiency remains the same for all these diameters, it is possible thanks to Eq. 5 to extract the radiative rate enhancement. Results are presented in [Fig. 5](#f5){ref-type="fig"}. It appears that the radiative rate enhancement follows the total PL enhancement ([Fig. 3b](#f3){ref-type="fig"}), further highlighting the role of surface plasmon in the luminescence enhancement. The closer the plasmon resonance wavelength is from the SiNC emission wavelength, the higher the LDOS and the radiative emission rate are.

In brief, we designed an original hybrid structure allowing plasmonic enhancement of the spontaneous emission from SiNCs. We evidenced a 6-fold enhancement at saturation of the photoluminescence of Si nanocrystals coupled with a 180-nm gold nanodisk, provided that there is an 8-nm spacer between the SiNCs layer and the GND. The distance-dependent luminescence enhancement is shown to be similar in shape to the one observed with single quantum emitters, even if we deal here with hundreds of silicon emitters. We showed this photoluminescence enhancement had two main origins: (i) a 1.7-fold increase of the collection efficiency due to an antenna effect efficiently redirecting light toward the detector, and (ii) a 3.6-fold increase of the radiative rate (Purcell effect). In this work, only the emission process has been engineered, as the plasmon resonance was tuned to match the SiNCs\' emission wavelength. The SiNCs\' photoluminescence can be further improved by designing a dual-resonance plasmonic structure, which can enhance simultaneously the excitation and the emission of SiNCs\' luminescence. Such a structure could lead to enhancement factors higher than an order of magnitude, enough to obtain efficient emitters for practical applications, such as photovoltaics and Si-based light-emitting devices.

Methods
=======

Sample fabrication
------------------

SiNCs are fabricated with evaporation of successive SiO~2~/SiO/SiO~2~ layers in an ultra-vacuum evaporator[@b21][@b28]. The SiO layer is made by thermal evaporation and the two SiO~2~ layers are performed with electron beam evaporation. The deposition rate is equal to 0.1 nm.s^−1^ and is controlled by a quartz microbalance system. The thickness of SiO layer and the first SiO~2~ layer are constant and equal to respectively 4 nm and 20 nm. The last SiO~2~ layer is varied from 4 to 20 nm. The height of this layer determines the distance between SiNC and GND. The sample is then annealed under N~2~ gas at a temperature equal to 1050°C during 5 min. This step creates SiNC by dissociation of SiO into Si and SiO~2~; the silicon dioxide layers are barrier layers, limiting the size of the resulting nanocrystals. A second annealing treatment under a mixture of N~2~ and H~2~ (forming gas) is made in order to passive surface defects and improves SiNCs\' photoluminescence[@b29][@b30].

After SiNC realization, gold nanodisks are fabricated onto the substrate by standard e-beam lithography. First, a layer of polymethylmethacrylate (PMMA) is insolated with an electron beam, in order to pattern arrays of circles. After developing the resist, 3-nm TiO~2~ (for improved adhesion), 50-nm gold and 20-nm aluminum layers are deposited onto the structure by electron beam evaporation. After lift off, arrays of cylindrical gold nanodisks with a pitch of 500 nm and diameters varying from 140 nm to 220 nm by step of 20 nm are obtained. The last step of this fabrication is an etching of the sample using reactive ion etching with 17 sccm of SF~6~ and 6 sccm of O~2~. During this step the aluminum layer protects the gold nanodisks. This step allows us to remove all SiNCs that are not located under a gold nanoparticle. Finally, aluminum is removed with a solution of KOH.

Confocal extinction measurement
-------------------------------

Extinction measurements are performed with an Olympus confocal microscope IX71 and a 60 ×, NA = 1.2 water-immersion objective. The sample is illuminated by a halogen lamp and the transmitted signal is collected with the objective. The signal is then sent onto the core of an optical fiber acting as a spatial filter. This defines a confocal detection zone of about 3 μm in diameter. The collected signal is finally sent to a spectrometer (Princeton Instruments ActonSP2300) equipped with a CCD camera (Princeton Instruments Pixis100).

Confocal photoluminescence measurement
--------------------------------------

The photoluminescence measurement is performed on the same confocal microscope as the extinction measurement. The sample is illuminated from below through the fused silica substrate with a mercury lamp filtered at 400 nm. The resulting luminescence is then collected via the same path (epi-fluorescence) and sent to the spectrometer.

Time-resolved photoluminescence analysis
----------------------------------------

Time-resolved luminescence is performed using a 405-nm laser diode, electrically modulated using a 1 kHz square signal. This laser illuminates the sample in epi-fluorescence geometry. A photomultiplier tube (PMT) collects the luminescence from the sample. Two filters are placed in front of the PMT, the first is a long pass filter at 500-nm to remove laser reflection and the second filter is a band pass filter centered at 794-nm with a width of 100-nm to collect the SiNC\'s luminescence. The signal from the PMT is analyzed thanks to a photon counting module (SR400 from National Instruments) and a homemade software. The temporal resolution is mainly limited by the fall time of the driving electrical signal, and is estimated to be about 5 ns.
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![(a) Schematic of the structure: a monolayer of SiNCs embedded in SiO~2~ and at a controllable distance from GND. (b) SEM images of different GND diameters on SiO~2~ after etching. (c) Extinction spectra of different GND diameters. (d) Photoluminescence spectrum of SiNCs.](srep02672-f1){#f1}

![(a), (b) SiNCs photoluminescence spectra with and without GND for respectively 4 nm and 8 nm in distance between 180 nm-diameter GND and SiNC. (c) Photoluminescence enhancement versus spacer thickness. The dotted line delimits the enhancement and quenching regimes. In each case the excitation power measured at the entrance of the objective is 1 mW.](srep02672-f2){#f2}

![(a) Comparison between SiNC\'s photoluminescence enhancement and plasmon resonance position, for four different GND diameters. The black line is a guide for the eye indicating the position of the maximum PL enhancement. (b) Comparison between PL enhancement (black circles) and spectral overlap (red triangles) in function of GND diameter. Inset: example of spectral overlap between SiNCs\' photoluminescence (dashed lines) and LSP extinction (continuous line) for a GND diameter of 160 nm.](srep02672-f3){#f3}

![(a) Photoluminescence distribution in the Fourier plane without gold (left) and with gold (right) for a 180-nm GND located at 8-nm from the SiNCs layer. In the left image k~c~ is the wave vector corresponding to the critical angle of the air/glass interface and k~o~ is the maximum wave vector collected by the objective. (b) Polar graph of profiles taken in the Fourier plane, the dotted lines are fits (see [Supplementary Information](#s1){ref-type="supplementary-material"}). (c) Photoluminescence versus pump power with GND (red triangles) and without GND (black circles). Continuous lines are numerical fits according to a three-level model (Eq. 6). Fitting parameters are: with a GND (solid red line) A = 162 counts/mW and I~s~ = 10 mW; without a GND (solid black line) A = 30 counts/mW and I~s~ = 8.9 mW. Inset: three-level model of the SiNCs. (d) Luminescence decay time measurements with GND (red line) and without GND (black line). Thick lines are numerical fits using a stretched exponential function . Fitting parameters are with a GND (solid red line) A = 0.6, τ = 10.5 μs, β = 0.5; and without a GND (dashed black line) A = 0.6; τ = 15.1 μs; β = 0.5.](srep02672-f4){#f4}

![Radiative rate enhancement as a function of GND diameter.](srep02672-f5){#f5}
